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Abstract 
Several studies have verified that lactic acid bacteria are capable of directly producing lactic acid 
from starch. One of these bacteria, L. amylovorus, has been studied using corn, potato, and 
cassava starches. However, the use of sweet potato starch, a widely available starch, has not been 
considered. Furthermore, there exists the possibility that the efficiency of lactic acid production 
can benefit from the systematic exposure of bacteria to increasing concentrations of a particular 
starch. In this work, fermentation studies were conducted to understand the adaptation of L. 
amylovorus to rising concentrations of sweet potato starch. 
L. amylovorus was cultured in successively increasing ratios of starch to glucose as the carbon 
source in DeMan, Rogosa, and Sharpe (MRS) medium. The fermentations were conducted 
without pH control and with pH controlled at 6.5. At selected times over a 62-hour duration, 
optical density at 600 nm, pH, substrate consumption, and lactic acid concentration were 
measured to assess the growth and activity of L. amylovorus. The effects of the adaptation 
process were tested by comparing the growth and activity of bacteria that underwent the 
adaptation process with non-adapted bacteria that was grown in MRS medium in which glucose 
substituted with 20 g of sweet potato starch. 
Growth and activity assessments indicated that the bacteria were able to hydrolyze and ferment 
the sweet potato starch into lactic acid. In most cases, pH control resulted in better substrate 
utilization and larger amounts of lactic acid. The adapted bacteria produced 11.80 g/L (g LA/L 
fermentation broth) of lactic acid, nearly twice of the un-adapted bacteria (6.35 g/L) with no pH 
control. Under controlled pH conditions, 14.80 g/L and 4.20 g/L lactic acid were produced by 
adapted and un-adapted bacteria respectively. This concentration represented about 80% 
conversion of the starch into lactic acid. 
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Chapter 1: Introduction and Research Objectives 
Lactic acid is an organic acid used extensively in foods, beverages, cosmetics, and 
pharmaceuticals. In addition, lactic acid is used for the production of biodegradable polymers, 
which has made its demand to increase steadily over the years (John et al. 2007). Lactic acid is 
produced through bacterial fermentation of glucose or the hydrolysis of lactonitrile, which is a 
synthetic process. Two optical isomers of lactic acid exist: L- and D-lactic acid. Bacterial 
fermentation often results in the production of one of the isomers in a pure form though some 
bacteria can give a racemic mixture (DL-lactic acid). On the other hand, synthetic production 
always leads to a racemic mixture. The option of getting pure isomers and the wide variety of 
feedstocks available makes bacterial fermentation a desired process for commercial lactic acid 
production (Datta et al. 1995, Litchfield 1996, Wee et al. 2006). 
The traditional fermentation process using lactic acid bacteria involves a first step in which 
starch or other complex carbohydrates are hydrolyzed into simple sugars with the aid of enzymes 
or acid. After hydrolysis, the simple sugars derived, mostly glucose, are fermented with lactic 
acid bacteria to produce lactic acid (Abe and Takagi 1991, Litchfield 1996, Datta and Henry 
2006). For example, Cargill Dow (NatureWorks LLC), one of the largest producers of lactic acid 
in the world, starts production from corn. The corn is processed in a corn wet mill where the 
starch is extracted and then hydrolyzed with enzymes to produce glucose. The glucose is then 
transported to the fermentation facility where it is fermented with lactic acid bacteria to produce 
lactic acid (Vink et al. 2003, Vink et al. 2010).  
Due to the importance of this organic acid, there are ongoing research efforts related to its 
production. These efforts include investigating the use of agricultural biomass and/or food waste 
as substrates, improving the fermentation process to overcome the problems of bacterial 
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inhibition by low pH and high initial glucose levels, and reducing costs associated with the 
hydrolysis of starch into glucose before fermentation (Hofvendahl and Hahn- Hägerdal 2000). 
There are some proposed methods that offer a solution to the two-step process of hydrolysis 
followed by fermentation. One method consists of using fungi. Some fungal species produce 
enzymes that break down starch into glucose that can then be fermented into lactic acid. Another 
method is to add the starch-hydrolyzing enzyme concurrently with the lactic acid bacteria to the 
substrate. A third method is to employ lactic acid bacteria capable of producing starch-
hydrolyzing enzymes so that starch hydrolysis and lactic acid production occurs in a single step 
(John et al. 2009).  
Lactic acid bacteria with the characteristics of producing starch-hydrolyzing enzymes are termed 
‘amylolytic lactic acid bacteria.’ These bacteria have been isolated from different sources such as 
cattle-waste, corn fermentations, traditional cereal foods and beverages, and soil samples 
(Nakamura 1981, Giraud et al. 1991). Studies of these amylolytic bacteria on starch substrates 
have shown instances where a given bacteria grew better on some substrates than on others. 
Xiadong et al. (1997) noticed that Lactobacillus amylovorus had better growth in cereal than 
tuber starch sources. In that experiment, lactic acid yield from cassava was improved by adding 
more nitrogen source into the medium. With this outcome, it is possible that adapting the 
amylolytic bacteria to a particular type of starch could increase the overall efficiency of lactic 
acid production. However, research testing this effect is limited. On the other hand, in chemical 
or oil spill management and desalination studies, bacteria have been acclimated to different 
substrate or growing conditions by gradually exposing them to increasing concentrations of the 
new substrate/condition (Liu et al. 2008, Puranik et al. 2012). This acclimatization approach 
could be applied to amylolytic lactic acid bacteria in sweet potato starch.  
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On a commercial scale, the raw materials used for lactic acid production depends on the country. 
In the United States, corn is the preferred raw material whereas, in Thailand, the Corbion Purac 
plant utilizes sugarcane and tapioca (cassava) starch (Vink et al. 2003, Corbion 2013). Still there 
are other carbohydrate-rich materials that could be used as a feedstock to produce lactic acid, for 
instance sweet potatoes, which have not been thoroughly investigated. In the United States, about 
1 million metric tons of sweet potatoes were produced in 2013 (FAO, 2015). These sweet 
potatoes are mostly used for food purposes, but they could be used for microbial fermentation. 
Sweet potatoes are rich in starch and contain proteins, vitamins, and minerals that can support 
bacterial growth (Edmond and Ammerman 1971, Woolfe 1992). There are few studies on sweet 
potatoes or the by-products of its processing as substrate in lactic acid production and research 
along those lines need to be developed (Pagana et al.2012, Nguyen et al. 2013). 
If sweet potato, or the starch from sweet potato, is to be considered for lactic acid production, the 
proposed method would be to tie-in hydrolyses and fermentation in a single step. Utilizing lactic 
acid bacteria that are capable of producing starch-hydrolyzing enzymes seem to be the best 
choice because lactic acid bacteria can produce pure isomers in a homo fermentative process and 
are more efficient than fungi at converting sugars into lactic acid. In addition, concurrently 
adding enzyme and lactic acid bacteria to the substrate presents the task of ensuring that 
temperature and pH are conducive for both enzyme and bacteria (John et al. 2009). 
The overall goal of this research was to increase the efficiency of lactic acid production from 
sweet potato starch by using the amylolytic lactic acid bacteria Lactobacillus amylovorus 
adapted to increasing concentrations of sweet potato starch. To achieve this goal, the following 
objectives were considered: 
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Research Objectives 
Objective 1: To adapt L. amylovorus in progressively increasing sweet potato starch to glucose 
ratios in modified MRS (DeMan, Rogosa, Sharpe) medium and assess growth, substrate 
consumption, and product concentration. 
Objective 2: To compare lactic acid production of adapted versus un-adapted L. amylovorus 
using sweet potato starch as the substrate. 
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Chapter 2: Literature Review 
I. Lactic acid 
Lactic acid (2-hydroxypropanoic acid) is an important organic acid with a wide application in the 
food and beverage, cosmetic, pharmaceutical, and other industrial sectors. Lactic acid occurs 
naturally as a by-product of metabolism in animals and humans as well as in souring fruits and 
milk (Beninga 1990). This organic acid exists as two isomers L (+) and D (−)-lactic acid, 
however, a racemic mixture DL-lactic acid can also be produced. The L isomer is the most 
naturally occurring isomer, hence its commercial production is more developed than the D-
isomer (Litchfield 1996). However, the company Corbion does produce D-lactic acid on 
commercial basis which can be used for coatings and inks, agrochemicals and polymers 
(Corbion, 2015) 
 
Figure 2.1 Chemical structures of the isomers of lactic acid. 
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Commercial production of lactic acid can be through either chemical synthesis or microbial 
fermentation. Chemical synthesis requires petroleum resources whereas with microbial 
fermentation, renewable resources such as food crops or agricultural biomass could be utilized 
(Wee et al. 2006)  
 
Figure 2.2 Outline of the two commercial manufacturing methods for lactic acid production. SSF 
represents simultaneous saccharification and fermentation (Wee et al. 2006). 
 
From the latter years of the 20th century to the present, concerns about the impact of 
industrialization on the earth, particularly the effect of combustion of fossil fuels and the use of 
limited petrochemicals, has shaped research to considering technologies that would produce 
industrial materials from renewable sources rather than chemical synthesis (Zeikus 1980). The 
fermentation process for lactic acid production is thus highly favored as it can be modified by 
selecting the bacteria and appropriate conditions to give one of the two isomers while chemical 
synthesis leads to the racemic mixtures, DL-lactic acid. However, some lactic acid bacteria are 
also able to produce DL-lactic acid (Litchfield 1996). Through fermentation, agricultural raw 
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materials such as corn, sugar cane, sugar beet, starch, biomass and agricultural by-products could 
be used to produce lactic acid (Datta et al. 1995, Wee et al. 2006).  
 
Figure 2.3 A schematic diagram of lactic acid production process by NatureWorks LLC (Vink et 
al. 2010). 
 
Production of lactic acid is about 300,000 to 400,000 metric tons per year (Higson 2010) with the 
major manufacturers being NatureWorks LLC, Corbion, Galactic, and Archer Daniels Midland 
(ADM) Company. NatureWorks LLC alone has a 180,000 metric tons -per-year capacity 
manufacturing plant in the United States with corn as the carbohydrate source (Vink et al. 2010). 
The United States is the largest consumer of lactic acid followed by Western Europe and China. 
The global demand for lactic acid is expected to increase by 7% annually due to the increase in 
demand for poly lactic acid and its products as well as continued use for food and beverage 
processing (IHS Chemical 2013). 
Applications of lactic acid 
There are various grades of lactic acid based on purity for the end use. The lowest is the 
technical grade which is used in the textile industry as a mordant and also in leather tanning 
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industry. The purest grade is the analytical grade which has specialized industrial applications 
(Beninga 1990, Litchfield 1996, Hinton et al.2005). Lactic acid is classified GRAS (generally 
recognized as safe) by the United States Food and Drug Administration (FDA), thus one of the 
foremost applications of lactic acid is in the food industry. It is used as a preservative for 
sauerkraut and pickled olives, as an acidulant for food products like candy, soft drinks, and beer, 
and for the production of emulsifying agents (Datta et al, 1995; Litchfield, 1996). The 
pharmaceutical and cosmetic industries are also markets for lactic acid. Lactic acid and ethyl 
lactate are used in formulating dialysis applications, topical ointments, lotions, as humectants in 
other cosmetics, and in creating biodegradable polymers for medical applications such as sutures 
(Datta et al, 1995). Due to their highly reactive nature, organic acids, such as lactic acid, are 
desirable as feedstock for producing other chemicals. The condensation product of lactic acid, 
lactide, can be polymerized to yield high molecular weight biodegradable polymers known as 
polylactic acid (PLA) (Litchfield 1996, Datta and Henry 2006).  
The landscape of the lactic acid market has changed since its commercial production begun in 
the 17th century. Traditionally, the food and beverage sectors were the largest industrial 
consumers of lactic acid but currently the biodegradable polymer industry has substantially 
increased its share of demand (Litchfield 1996, Markets and Markets 2013). Because the 
production of PLA is increasing, the need for alternative substrates for the continuous supply of 
lactic acid will consequently increase. According to a report on China’s lactic acid industry, 
world PLA production capacity is expected to increase from 200 thousand tons in 2012 to 800 
thousand tons by 2020 (Research and Markets, 2012). 
A large portion of PLA is produced from pure L-lactic acid with small percentages of D-lactic 
acid added to control the rate of crystallization (Hinton et al. 2005). The direct condensation of 
9 
 
lactic acid and the ring-opening polymerization through lactide intermediate are the two routes 
for the production of PLA. The ring-opening route is used by Cargill Dow (NatureWorks LLC), 
one of the largest commercial manufacturers of PLA (Vink et al. 2003). The formation of the 
lactide intermediate yields D-lactide, L-lactide and meso-lactide. These are separated before 
polymerization as they give polymers of different properties. High L-lactide polymers are more 
crystalline while high D-lactide polymers are amorphous (Vink et al.2003). 
PLA is an attractive polymer for many applications because it is believed by the public to have a 
lower impact on the environment than traditional polymers. Since it is plant-based, the amount of 
carbon dioxide generated during degradation is balanced by the carbon dioxide used by the plant 
during growth. It also has the potential to reduce the carbon dioxide in the atmosphere when 
more biomass is used as substrates. Furthermore, PLA production requires less energy to 
produce than conventional polymers. PLA is easily hydrolyzed with water to form lactic acid and 
can be composted under normal compost conditions for a short time for complete degradation 
resulting in humus, carbon dioxide, and water. PLA applications include packaging, textile, fiber, 
electronics and medical industries (Datta et al. 1995, Hinton et al. 2005, Vink et al. 2010). 
 
Substrates utilized in lactic acid fermentation 
Glucose and sucrose would generally be the desired raw materials for lactic acid fermentation. 
However based on cost and availability, other materials are used. Most manufacturers start with 
hydrolyzing starch, mostly corn starch into glucose which is then fermented (Litchfield 1996). 
However, continued research into the need for other sources sparked an interest in biomass, food 
processing byproducts, and industrial wastes. Using biomass for the manufacture of organic 
compounds such as lactic acid helps decrease the amount of energy required to process these 
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wastes. Whey as a waste product from cheese production has been studied as a substrate for the 
production of lactic acid with and without supplementation of nutrients. Molasses, starch and 
lignocellulosic materials have also been investigated (Hofvendahl and Hahn-Hägerdal 2000). 
Plessas et al. (2008) noted a high yield of lactic acid from cheese whey of between 0.41 and 
0.47g/g lactose when the yeast, Kluyveromyces marxianus was combined with lactic acid 
bacteria Lactobacillus delbrueckii ssp bulgaricus and Lactobacillus helveticus. Srenaath et al. 
(2001), compared lactic acid production from some agricultural residues, alfafa and soy fiber, 
wheat bran, corn stover and corn cob without further supplementation, with LAB’s  
Lactobacillus delbrueckii and Lactobacillus plantarum. Pectinases and cellulases were 
incorporated to aid hydrolyses of the agricultural residues. Garde et al. (2002) also considered 
wheat straw hydrolysate for lactic acid production with results of 88% and 51% - 61% of 
theoretical yield from Lactobacillus pentosus and Lactobacillus Brevis, respectively. Cui et al. 
(2011) reported on using mixed cultures of lactic acid bacteria to produce lactic acid from corn 
stover with yield of 0.7 g/g (lactic acid/substrate).  
Other avenues that have been explored are food wastes. According to the Food and Agriculture 
Organization (FAO), about 1.3 billion metric tons of food is wasted per year. This has dire 
impact on the environment as well as a significant economic cost. Efforts to control this waste 
include recycling and recovery when re-use is not possible (FAO 2013). One of the major 
recycling methods is composting (Schaub and Leonard, 1996) and other alternatives include 
anaerobic digestion and incineration with energy recovery (FAO 2013). Since food waste 
generally contains high levels of carbohydrates, it could act as a substrate for lactic acid 
fermentation. By direct fermentation of food waste using amylolytic lactic acid bacteria, L. 
manihotivorans, lactic acid was produced with yields of 19.5 g per 200 g of food waste 
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(Ohkouchi and Inoue, 2006). Starchy wastes from potatoes have also been used as substrate for 
lactic acid production in a single step fermentation process (Chatterjee et al. 1997). Bakery waste 
was also investigated as substrate for lactic acid production by Oda et al. (1997) and the 
supplementation of the media by yeast extract, corn steep liquor, and defatted soybean powder 
increased the amount of lactic acid that was produced. 
Fermentation processes 
Commercial production of lactic acid is mostly through fermentation of carbohydrate substrates. 
Its production is a two-fold process which includes a hydrolysis of starchy material into simple 
sugars followed the actual fermentation of the simple sugars with the aid of lactic acid producing 
bacteria. The fermentation broth then undergoes various steps of purification to recover the lactic 
acid. Acids, such as sulfuric acid, or enzymes are employed in breaking down the complex 
carbohydrate. The method used dependents on the nature of the raw material. Usually when 
starch is the substrate, the starch is gelatinized and liquefied by α-amylase or other dextrin 
producing enzymes at high temperatures (90°C -130°C) and then saccharified by glucoamylase 
or a mixture of amylase enzymes at equally high temperatures (Litchfield 1996, Hofvendahl and 
Hahn-Hägerdal 2000, John et al, 2009). Oh et al. (2005) pretreated whole wheat flour with 
sulfuric acid and then hydrolyzed the flour with enzymes. They reported 2.6g/ (L-h) of lactic 
acid productivity from whole wheat flour without any nutrient supplementation by using 
Enterrococcus faecalis RKY1. Fukushima et al. (2004) carried out liquefaction of rice powder 
using α-amylase at 90-100°C and then used a combination of -amylase and pullulanase to 
achieve the hydrolysis of rice powder into simple sugars at 60°C. They were then able to obtain a 
70% yield of D (−) lactic acid from the rice saccharificate using Lactobacillus delbrueckii. The 
step of hydrolysis makes the lactic acid production from complex carbohydrate sources an 
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energy consuming process and unattractive due to the cost involved (Shariffa et al. 2009, John et 
al. 2009). In light of these limitations, a direct route of converting complex carbohydrate 
substrates into lactic acid is of utmost interest. 
Single step fermentation process 
In addition to the energy requirements of the two-step fermentation process, another constraint is 
that the hydrolyses step leads to an initial high concentration of simple sugars which inhibit the 
activity of the lactic acid bacteria and results in low lactic acid conversion rates. A better 
approach to overcome the limitations presented by the two-fold process is coupling both 
saccharification and fermentation steps (Anuradha et al. 1999, Hofvendahl and Hahn-Hägerdal 
2000, John et al. 2009).The coupling of these two steps is referred to as simultaneous 
saccharification and fermentation. 
Simultaneous saccharification and fermentation 
Simultaneous saccharification and fermentation methods range from using microorganism 
capable of directly bio-converting starchy materials into lactic acid to adding both enzyme and 
microorganism concurrently. Studies have indicated that fungi of the genera Rhizopus, Mucor, 
Monilia are able to utilize glucose or starch to produce L-lactic acid (Litchfield 1996, John et al. 
2009). Huang et al. (2005), studied the use of Rhizopus Oryzae and Rhizopus arrhizus in the 
conversion of potato starch waste water to lactic acid with favorable results of 0.85-0.92 g/g of 
substrate and a saccharification rate of 1.5-2.0g/ (L-h) in 8 h. While the use of fungi could be 
advantageous because of the ease of product separation and purification, the by-products of the 
process, ethanol and fumaric acid, could render fungi usage an undesirable method (John et al. 
2009). 
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Another option for a single-step fermentation process is to add hydrolyzing enzymes and lactic 
acid bacteria to the substrate at the same time (John et al. 2009). This process involves degrading 
enzymes such as amylases and or cellulases that would cause hydrolysis and saccharification of 
the substrate and lactic acid bacteria to convert the sugars to lactic acid (Abe and Takagi 1991, 
Anuradha et al. 1999). Factors such as temperature and pH are essential when opting for this 
simultaneous saccharification and fermentation method, simply because the optimum 
temperature and pH for the enzyme for hydrolysis and bacteria for fermentation may be 
different. As such, experimentation is needed to determine optimum conditions at which both the 
hydrolyzing enzyme and lactic acid bacteria activity can be combined to lead to a successful 
fermentation process (Anuradha et al. 1999, Roy et al. 2001, John et al. 2009). This process has 
been used effectively in alcoholic fermentation on cellulosic and starchy material greatly 
reducing the percentage (about 30%-40%) of energy involved in ethanol production via 
fermentation (Gauss et al.1976, Saha and Ueda 1983). In lactic acid production, simultaneous 
saccharification and fermentation has been proven to be just as effective as in ethanol production 
whether from cellulosic material (Abe and Takagi 1991) or starchy substrates (Hofvendahl et 
al.1999, Anuradha et al. 1999). Wang et al. (2010) examined lactic acid production from cassava 
powder under various fermentation processes; the two –step process, simultaneous liquefaction 
saccharification and fermentation and simultaneous saccharification and fermentation. Their 
study showed that simultaneous saccharification through the addition of glucoamylase to the 
medium, concomitantly with the inoculum gave the highest lactic acid concentration of 175.4g/l 
from 275g/l of cassava powder. 
Also with single-step fermentation, a category of lactic acid bacteria known as amylolytic lactic 
acid bacteria (ALAB) can be employed in the fermentation process. ALABs have the ability to 
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produce hydrolyzing enzymes and therefore can directly convert starch substrates into lactic 
acid. ALAB have been isolated from cattle-waste corn fermentations (Nakamura 1981), Cassava 
sour-starch (Morlon-Guyot et al. 1998) and traditional fermented foods (Sanni et al. 2002). 
Production of lactic acid with amylolytic lactic acid bacteria has been investigated with many 
raw materials: a 50% conversion rate was attained in the production of lactic acid from waste 
potato mash using Lactobacillus cellobiosus. The production of lactic acid was in 48 hours and 
without additional enzymes (Chatterjee et al. 1997). Vishnu et al. (2000), further reported that 
Lactobacillus amylophilus GV6 isolated from corn starch processing waste was amylolytic with 
amylase activity of 0.59 U/ml/min and lactic acid yields of 49-76.2 g/l of starch. In addition, 
Xiaodong et al. (1997) studied the direct fermentation of corn, wheat and rice starch into lactic 
acid with Lactobacillus amylovorus. Yields of lactic acid from media preparations with 10 g of 
these starches were 10.1, 7.8 and 7.9 g/l, respectively. 
II. Lactic acid bacteria 
The classification, lactic acid bacteria, refers to a group of gram-positive bacteria which are non-
sporing, non-respiring cocci or rods that produce lactic acid as a major end product of the 
fermentation of carbohydrates (Salminen et al. 2004). These bacteria are also characterized based 
on whether they produce lactic acid that optically rotates light to the right (D), to the left (L) or a 
racemic (DL) mixture (Carr et al. 2002). Lactic acid bacteria can tolerate small amounts of 
oxygen and are considered microaerophilic; but commercial lactic production is mostly 
conducted under anaerobic conditions. The ability to tolerate pH below 5 and temperatures above 
40°C vary among species. For good growth of these bacteria, complex nitrogen sources 
providing essential amino acids and vitamins are required (Litchfield 1996).  
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The manner in which lactic acid bacteria ferment glucose under standard conditions also 
represents a way of classifying them as either homofermenters--if lactic acid is the major product 
of glucose fermentation, or heterofermenters--if carbon dioxide and ethanol or acetic acid is 
produced along with lactic acid (Carr et al. 2002, Salminen et al. 2004) 
The classification as homo- or hetero fermenters stem from the major pathways that are used by 
the bacteria in the fermentation of hexose sugars. Homolactic fermentation is primarily by the 
Embden-Meyerhof-Parnas pathway in which 2 mol of lactic acid and 2 ATP molecules are 
gained per mol of glucose fermented whereas the heterolactic fermentation results in 1 mol each 
of lactic acid, ethanol, carbon dioxide an ATP via the 6-phosphogluconate/phosphoketolase 
pathway  (Salminen et al. 2004). 
Amylolytic lactic acid bacteria 
Not only do lactic acid bacteria convert simple sugars into lactic acid, research over the past 
three decades has indicated that a number of lactic acid bacteria are also able to degrade starch. 
While lactic acid bacteria have been known to be involved in fermented indigenous foods, the 
ability of some of them to hydrolyze starch was first reported with the isolation of Lactobacillus 
amylophilus and Lactobacillus amylovorus in 1979 and 1981 by Nakamura. DNA analyses of 
other bacteria isolated since then indicate that Lactobacillus, Lactococcus and Streptococcus are 
the genera that are able to directly utilize starch to produce lactic acid with the lactobacilli group 
being the most efficient (Petrova et al. 2013). Aside of reducing the steps and cost involved in 
commercial lactic acid production, yields of lactic acid from amylolytic lactic acid bacteria will 
have to match or exceed yields from bacteria being used in commercial operations. Typically 
greater than 90% of the fermentable sugars used as substrate are converted into lactic acid in 
these commercial processes (Datta et al. 1995, Litchfield 1996, Higson 2010). Some studies have 
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indicated that this yield is possible with starch fermentations by ALAB. Cheng et al. (1991) 
noted that optimizing lactic acid production from liquefied starch could generate about 94% 
conversion of starch to lactic acid. Giraud et al. (1991), reported on the isolation of an amylolytic 
strain of Lactobacillus plantarum from cassava roots which had a lactate yield of 0.81g/g starch 
when cultured on soluble starch medium. The same bacteria in another study, was able to 
degrade raw, uncooked cassava starch to give lactic acid yields of 0.9 g/g after 3 days of 
fermentation at pH 6 (Giraud et al. 1994).  
With the kind of strides that could be made in the lactic acid industry with the amylolytic 
bacteria, research has been geared towards understanding the physiology of these bacteria as well 
as improving efficiency and yield from different starches. Santoyo et al. (2003), studied the 
effects of low pH on L. fermentum and its amylase production. In that study, pH 5 was optimum 
for lactic acid production but a low pH of 4 decreased the amylase production and subsequently, 
lactic acid production. L. fermentum was previously isolated from a fermented maize dough from 
Benin (Agati et al.1998). Some of the results brought forward by these studies are also 
elucidating the mechanism by which these bacteria utilize starch. For most conclusions, the 
ability of amylolytic lactic acid bacteria to hydrolyze starch was attributed to the production of 
extracellular amylase enzymes tested by using cell- culture supernatants for starch hydrolysis. 
Consequently, genome sequencing indicated that the enzymes produced by amylolytic lactic acid 
bacteria belong to α-amylases, maltogenic amylases, amylopullulanases, pullulanases, 
neopullulanases, glycogen phosphorylases and oligo1, 6-glucosidases (Petrova et al. 2013). In 
Lactococcus lactis ssp lactis B84, genes coding for both cytoplasmic and extracellular α-
amylases were transcribed with growth in starch media though other genes encoding glycogen 
phosphorylase and amylopullulanase were detected in the genome (Petrov et al. 2008). A new 
17 
 
strain of Lactobacillus paracasei B41 isolated from a fermented drink was also found to have 
amylolytic activity (Petrova and Petrov 2012). Genome sequencing showed that the amylolytic 
ability was due to the amy1 gene which was induced in the presence of starch, maltose or 
pullulan whiles glucose repressed the transcription of the gene. Their study also showed that 
starch hydrolysis and lactic acid production was enhanced when the pH was controlled at 5.0 
rather than 6. A concentration of 37.3 g/L L (+) lactic acid was achieved from 40g starch which 
is about a 93% conversion rate of substrate to lactic acid. The limiting step of the process 
appeared to be starch hydrolyses. In comparison to other substrates, bacteria growth was favored 
in glucose, then starch followed by maltose and pullulan. In mixed substrate fermentation by 
L.manihotivorans OND32T, maltose and amylase production was noted after the depletion of 
glucose. Nitrogen sources were also essential to amylase production (Guyot and Morlon-Guyot 
2001). The identification of the genes responsible for the amylolytic activity has encouraged 
studies to genetically modify other lactic acid species in order to broaden the application of such 
bacteria. Okano et al. (2009) introduced the α-amylase amyA gene into L. plantarum. The ldhL1 
gene which is responsible for converting pyruvate into L (+)-lactic acid was disrupted and 
substituted with the α-amylase gene. Thus, the modified bacteria was now able to utilize raw 
corn starch to produce pure D (−)-lactic acid. A 48 hour fermentation resulted in a yield of 
0.86g/g (g LA/g consumed substrate).  
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III. Sweet potato production 
Originating in the Americas, the sweet potato (Ipomea batatas L.) has become a widely 
established food crop cultivated in 115 countries and is 16th of the top 25 commodities based on 
production. Global production of sweet potato has generally been increasing over the years, from 
98,192,635 metric tons in 1961 to 103,109,367 metric tons in 2013. An average of 87% of the 
crop was produced in Asia from 1993-2013 and 10% from Africa in that same period 
(FAOSTAT, 2014). 
In the United States, production of sweet potatoes has also increased from 544,500 metric tons in 
1992 to 1,124,230 metric tons in 2014 (FAOSTAT, 2014), representing about 1% of the world’s 
production. Since the early 1970’s, North Carolina has been the leading producer of sweet potato 
in the US producing about 50% of the total US supply (USDA 2013). 
Uses and Consumption 
Sweet potatoes are primarily grown for human food consumption. The top (leaves and vines) are 
rich in vitamins, proteins and carotenoids, and the roots, which are the principal source of energy 
(80-90% dry matter as carbohydrates) also, contain carotenes and amino acids. The roots and 
vines are fed to livestock in the fresh or dried form. The percentage of the crop produced which 
is consumed by humans or livestock tend to differ by country (Edmond and Ammerman 1971, 
Woolfe 1992). 
In China, a major use of sweet potatoes is for starch extraction. The starch is used in the 
production of glucose and high fructose syrups and in the textile and paper manufacturing 
industries (Ray et al. 2010). The sweet potato roots are also dried and ground into flour which is 
incorporated into cakes, cookies, breads and other food (Woolfe 1992). The skin and flesh of the 
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roots vary in color (white, yellow, pink, orange, and purple) due to the presence of carotenoids 
and anthocyanins and thus, the skins and flesh are employed as natural food colors (Edmond and 
Ammerman 1971, Woolfe 1992).  
Microbial enzymes such as proteases can be produced through solid state fermentation by 
Aspergillus, Rhizopus and Actinomucor species with sweet potatoes as substrates. These 
proteases have various applications in the food industry that include cheese making, modifying 
food protein and aiding bitterness reduction of food protein hydrolysates (Rao et al. 1998, Ray et 
al. 2010)  Monosodium glutamate (a flavor enhancer), chitosan and bio-ethanol are also products 
available from the bioprocessing of sweet potatoes (Ray et al. 2010).  Additionally, alcohol 
production from sweet potato is a well-established venture in countries such as China, Korea and 
Japan and is used both for human consumption and for chemical or pharmaceutical purposes 
(Woolfe 1992). 
Sweet potato as fermentable substrate 
 
A majority of studies conducted on sweet potatoes have looked at the tubers as a whole. This is 
because the sweet potato can act as a good substrate for fermentation because of the 
carbohydrate content; 60-70% of the dry matter consists of starch. In addition to starch, they 
contain proteins, vitamins, and minerals that can support bacterial growth (Edmond and 
Ammerman 1971, Woolfe 1992). However, since most microorganisms do not readily utilize 
starch, hydrolyzing enzymes such as α-amylase or glucoamylase are first added to degrade the 
starch molecules in the sweet potatoes into simple sugars. Before enzyme hydrolysis can occur, 
the crystalline nature of the starch molecules needs to be disrupted to enable the enzymes to gain 
access to starch polymers. Cooking starch substrate results in the disruption of the crystalline 
nature of the polymer but leads to hydrolysis limitation since mashes produced from root tubers 
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are highly viscous (Noda et al.2008, Zhang et al. 2011). Zhang et al. (2013), eliminated the 
cooking step utilizing a fungi with a high raw starch degrading glucoamylase activity. The 
resulting hydrolysate was then fermented with the yeast Zymomonas mobilis for ethanol 
production. The whole tubers and dried sweet potato powders have also been examined for 
ethanol production. Sweet potatoes have been found to yield more ethanol per unit area of 
cultivated land as compared to corn (Wu and Bagby 1987, Ziska et al. 2009). The fresh tubers 
have also been examined for lactic acid production by amylolytic lactic acid bacteria with 
favorable results, 80-90% yield (Ngyuen et al.2013). Thus, sweet potatoes could be used for the 
production of ethanol, lactic acid, or other chemicals via fermentation. The peels and wash water 
resulting from processing sweet potatoes into starch, chips, purees or other canned products are 
equally rich in carbohydrates and nutrients (Poore et al. 2000).There are also studies on the use 
of the processing by-products in ethanol (Oyeleke et al. 2012) and lactic acid (Pagana 2012) 
production. The potential of utilizing by-products to produce organic acids and other value-
added products would act as a way of minimizing the impact of the wastes on the environment. 
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Chapter 3: Materials and Methods 
Objective 1: To adapt L. amylovorus in progressively increasing sweet potato starch to glucose 
ratios in modified MRS (DeMan, Rogosa, Sharpe) medium and assess growth, substrate 
consumption, and product concentration. 
Adaptation Experiment 
 
Figure 3.1 Glucose and sweet potato starch combinations for adaptation process. 
 
The adaptation process involved five kinds of media prepared by substituting the 20 g of glucose 
in MRS medium (DeMan, Rogosa and Sharpe, 1960) with various amounts of glucose and sweet 
potato starch combinations while keeping all other components of the media constant (Table 
3.1). To begin with, the bacteria, L. amylovorus, was cultivated in 100 ml of 20 g glucose media 
which is unmodified MRS medium. After growth for 18 hours at 37°C to achieve bacterial 
counts of 108cells/ml, a 10 ml sample of the culture broth was taken and centrifuged (10 minutes, 
3,900 g, 20°C) and the supernatant was poured off. The cell mass was rinsed with sterile 
deionized water and sterile phosphate buffered saline (PBS) and then re-suspended in 10ml of 
the PBS solution. The suspension was mixed on a vortex mixer to ensure a uniform solution. The 
cell suspension was then used as inoculum for the next media containing 15 g of glucose and 5 g 
of sweet potato starch. The washing process was done to avoid nutrient carry-over from one 
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media to the next. The bacteria was then cultivated in 100 ml of 15 g glucose: 5 g starch media 
for 20 hours to achieve bacterial counts as in MRS. A 10 ml sample of the broth was taken at the 
end of fermentation and centrifuged as mentioned. The bacterial cells underwent the same 
washing process as mentioned previously and then the suspension in PBS was used as inoculum 
to cultivate bacterial cells in media containing10 g glucose and 10 g sweet potato starch. This 
process was continued for subsequent cultivation in the rest of the formulated media. The optical 
density (OD), which is a measure of the turbidity of bacterial cell culture with a 
spectrophotometer is generally used to monitor bacteria growth in microbial studies. The OD 
thus was used in monitoring the growth of bacteria in this experiment in addition to quantifying 
substrate and product concentration. 
The adaptation experiment was conducted on two separate occasions and the average values of 
the two replicate runs (± standard errors) are represented as graphs for each of the analyses 
conducted.  
Sweet potato starch preparation 
Starch was extracted from sweet potatoes (Fifth generation® sweet potatoes) purchased from a 
local grocery store following the procedure of Collado et al. (1997). The sweet potatoes were 
washed and shredded using a food processor. The pieces were then ground in a Waring® 
commercial laboratory blender (Conair Corporation, New Jersey, USA) for about two minutes in 
a ratio of 1:1 w/v with tap water and filtered through a cheese cloth. The filtrate was then passed 
through a 250 mesh sieve and the starch was allowed to settle for 3 hours at room temperature. 
The supernatant was discarded and the starch was re-suspended in water, filtered through a 250 
mesh sieve again, and left to settle in a refrigerator for an hour. This procedure was repeated 
once more without the sieving process and the starch was dried in an oven at 50°C overnight. 
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The dried starch was allowed to cool in a desiccator and was then ground into a fine powder with 
a cyclone sample mill (UDY Corporation, Colorado, USA). 
Characterization of prepared sweet potato starch 
The purity of the starch extracted was determined by the total starch assay kit (Megazyme, 
Ireland). Prior to the total starch determination, the sample was prewashed with 80% v/v ethanol 
to remove any glucose or maltodextrins that may have been present in the sample. For the 
prewash procedure, 100 mg of the starch was weighed into a polypropylene centrifuge tube and 
5ml of 80% v/v ethanol was added and the tube incubated at 80-85°C for 5 minutes. Contents of 
the centrifuge tube were mixed on a vortex mixer and another 5ml of 80% v/v ethanol was 
added. The tube was centrifuged for 10 minutes at 1,800 g in an Allegra x-22R, centrifuge 
(Beckman Coulter, California, USA). The supernatant was discarded and the pellets resuspended 
in 10 ml of 80% v/v ethanol, stirred on a vortex mixer and centrifuged as before. The supernatant 
was again poured off and the pellets used for the starch assay. 
Three ml of thermostable α-amylase diluted 1:30 in 100 mM sodium acetate buffer, pH 5.0, was 
added to the centrifuged pellets and incubated in a boiling water bath for 12 minutes. The 
contents were stirred at 4, 8 and 12 minutes on a vortex mixer. The centrifuge tube was then 
placed in a 50°C bath and 0.1ml of amyloglucosidase was added, stirred, and incubated in the 
bath for 30 minutes. The contents of the centrifuge tube were transferred into a 100 ml 
volumetric flask and the volume was adjusted to 100 ml with deionized water. An aliquot of the 
solution was centrifuged for 10 minutes at 1,800 g. Duplicate 0.1 ml aliquots of the filtrate were 
pipetted into a test tube and 3 ml of glucose determining reagent (GOPOD) was added to the test 
tubes as well as a blank containing deionized water and a D-glucose control. 
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Test tubes were incubated in a 50°C bath for 20 minutes and the absorbance for each sample was 
read against the reagent blank at 510 nm in a spectrophotometer (Shimadzu Corporation, Kyoto, 
Japan). Total starch was calculated as follows:  
Starch % = A ×
F
W
× 100 ml × 0.9       [Equation 2.1] 
Where A= absorbance at 510 nm 
W= weight of sample (100 mg) 
F =
100 μg of D − glucose
absorbance for 100 μg of glucose
 
0.9 = constant from the conversion of µg to mg and the adjustment from free D-glucose to 
anhydro D-glucose (
1
1000
×
162
180
×
100
0.1
 )   
Media preparation 
Four different combinations of sweet potato starch and glucose concentrations were designed to 
be used in preparing media for the experiment. Starch concentrations ranged from 0 g to 20 g in 
5g increments while glucose concentrations decreased from 20 g to 0 g. The media for 
fermentation was then prepared following a modification of the MRS media formulated by 
DeMan, Rogosa and Sharpe (1960) for the cultivation of lactic acid bacteria. For each modified 
media containing sweet potato starch, a starch solution with the appropriate amount of sweet 
potato starch was first prepared.  This was done by weighing out the required amount of starch 
into a beaker, adding deionized water, and stirring into a uniform suspension. The beaker and its 
contents were then heated to 80-90°C with continuous stirring on a hot plate until the starch was 
in solution. The other components of the media (Table 3.1) were then weighed into a beaker, 
deionized water was added to make a solution, and the contents were poured into a volumetric 
flask. The starch solution was added to the flask and the volume was brought up to 1 liter with 
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deionized water. The content of the volumetric flask was stirred with the aid of a magnetic stirrer 
to ensure a uniform solution and 300 ml were poured into two 500 ml Erlenmeyer flasks. The 
Erlenmeyer flasks with media were then sterilized at 121°C for 15 minutes in an autoclave. 
 
Table 3.1 Fermentation media formulation 
Components (x/L) MRS 
Modified 
media 1 
Modified 
media 2 
Modified 
media 3 
Modified 
media 4 
Glucose 20 g  15 g 10 g 5 g - 
Sweet potato starch - 5 g 10 g 15 g 20 g 
Triammonium citrate 2 g 2 g 2 g 2 g 2 g 
MgSO4.7H20 200 mg 200 mg 200 mg 200 mg 200 mg 
MnSO4.4H20 50 mg 50 mg 50 mg 50 mg 50 mg 
Tween 80 1 ml 1 ml 1 ml 1 ml 1 ml 
Sodium acetate 5 g 5 g 5 g 5 g 5 g 
K2HPO4 2 g 2 g 2 g 2 g 2 g 
Yeast extract 5 g 5 g 5 g 5 g 5 g 
Peptone 10 g 10 g 10 g 10 g 10 g 
 
Preparation of bacterial culture 
Lactobacillus amylovorus (NRRL B4540), a homofermentative DL lactic acid producer, was 
received in freeze-dried form from the USDA Northern Regional Research center in Peoria, 
Illinois. The dried pellets were reanimated by suspending a pellet in 100 ml Erlenmeyer flasks 
containing 25 ml of sterile MRS broth. The suspension was incubated at 37°C for 48 hours on a 
shaking platform (MaxQ 4450®, Thermoscientific, USA) set at 95 rpm. The re-animated 
bacteria were then stored in 80% glycerol (15% v/v) at -80°C. For the experiments, the bacterial 
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cells stored at -80°C were reactivated by placing 1 ml of the suspension into 25 ml of sterile 
MRS broth and incubating at 37°C for 18 hours. 
For each stage of the experiment, two Erlenmeyer flasks containing 300 ml of media were 
inoculated with 1% v/v lactic acid bacterial culture (108cells/ml). One flask was designated to be 
pH controlled and the other designated for no pH control. The flasks were incubated on a shake 
platform (100 rpm) at 37 °C for 62 hours. Fermentation broth (10 ml) was sampled every 3 hours 
for 12 hours and every 10 hours thereafter under sterile conditions. During sampling times, the 
pH of the flask designated to be pH controlled was adjusted to 6.5 by adding 1M NaOH via 
titration under sterile conditions. To maintain an equal volume in the flask without pH control, 
the same volume of sterile deionized water was added to the flask as the volume of NaOH used 
for the pH adjustment in the pH controlled flask. The pH of the sampled broth was measured 
with a pH meter and the optical density at 600 nm was measured with a Pharmaspec uv-1700 
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The remainder of the sample was 
centrifuged (10 minutes, 3,900 g, 20°C) and the supernatant stored at -20°C for further analyses. 
For samples containing starch, the sample tube was heated in boiling water for 5 minutes and 
then stored at -20°C for future analyses. 
For the transfer of bacterial cells from one media to the next, L. amylovorus was first grown in 
the media with the least amount of starch by inoculating the bacteria at 1% v/v in 100 ml of 
media and incubating for 18-36 hours at 37 °C to achieve bacterial counts in the order of 108. A 
10ml aliquot of the broth was then centrifuged (10 minutes, 3,900 g, 20°C) and the supernatant 
was poured off. The cell mass was rinsed with sterile deionized water and sterile phosphate 
buffered saline (PBS) and then re-suspended in 10 ml of the PBS solution. The suspension was 
mixed on a vortex mixer to ensure a uniform solution which was then used as inoculum. The 
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subsequent media with a larger amount of starch was then inoculated at 1% v/v with the bacterial 
cells. 
Prior to the start of the fermentation process, cell counts for inoculum were performed to ensure 
that counts of 108 cells/ml were achieved. This was conducted using a Petroff-Hausser® 
hemocytometer and a microscope at 450x magnification. Counting was done after the cell 
suspension was diluted to 10-2 with peptone water. The suspension was well mixed on a vortex 
mixer to get a uniform suspension and then a 200 µl aliquot was mixed with 200 µl of 0.4% 
trypan blue in a centrifuge tube. The tube was mixed on a vortex mixer and 20 µl was slowly 
pipetted under the cover slip of the hemocytometer into the counting chamber. Five square 
millimeters of the counting chamber were counted and the average was used to calculate the 
number of cells/ml using the formula:   
Cells/ml=average cell count × dilution factor×2×104 mm2/ml                              [Equation 2.2] 
Total carbohydrates analyses 
Total carbohydrates in the samples were analyzed by the phenol-sulfuric method (Dubois et al., 
1956). Samples were first diluted 250 fold with deionized water and then 0.5ml were placed in a 
glass test tube. To the contents of the test tube, 0.5 ml of 5% phenol was added and then 2.5 ml 
of concentrated sulfuric acid (36 N) was rapidly added to the test tube. The contents of the tube 
were then mixed on a vortex mixer and then left to stand at room temperature for 30 minutes. 
Absorbance was then read at 490 nm with a Pharmaspec uv-1700 spectrophotometer (Shimadzu 
Corporation, Kyoto, Japan) and compared to a standard curve created with known amounts of 
glucose. 
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Lactic acid and glucose analyses 
A portion of the sample taken during fermentation was diluted 1:20 with deionized water. The 
solution was centrifuged (10 minutes, 3,900 g, 20°C) and the supernatant was filtered through a 
45m- syringe filter before analysis with a High-Performance Size Exclusion Chromatography 
with Refractive Index (HPSEC-RI) detection.  The equipment used was a Waters HPSEC-RI 
(Milford, MA, USA), consisting of a 515 HPLC pump with an injector valve with a 50-μL 
sample loop connected to a 2410 refractive index detector maintained at 40ºC. Glucose and lactic 
acid were separated using a Rezex ROA organic acid column, Phenomenex Inc., Torrance, CA, 
USA, 00F-0138-KO (150 × 7.88 mm) maintained at 60°C by a column heater. The mobile phase 
was 0.005N H2SO4 run at an isocratic flow of 0.6 mL/min for 10 minutes. Both glucose and 
lactic acid were quantified using a five-point standard calibration curve established with D-
glucose and DL-lactic acid standards. 
 
 
 
 
 
 
 
 
29 
 
Objective 2: To compare lactic acid production of adapted versus un-adapted L. amylovorus 
using sweet potato starch as the substrate. 
Case 1: Without pH control 
The experiment to compare the lactic acid production of the adapted bacteria (acclimatized to 
increasing sweet potato starch and decreasing glucose concentrations from objective1) and 
unadapted bacteria (grown in MRS medium) was designed as a two factor factorial with two 
replications per treatment. The factors were the bacteria and time (24 and 48 hours). A liter of 
fermentation media was prepared following a modification of MRS media by DeMan, Rogosa 
and Sharpe (Table 2.1) in which glucose was substituted with sweet potato starch at 2% w/w and 
distributed into eight 250 ml Erlenmeyer flasks, 100 ml in each flask. The flasks were then 
sterilized at 121°C for 15 minutes. Flasks were labelled and randomly assigned to each 
treatment, two replicates per treatment. Adapted bacterial cultures grown in 20 g starch and 
unadapted bacteria grown in MRS for 30 and 18 hours respectively to attain 108 cells/ml, were 
placed in sterile centrifuge tubes and centrifuged at 3900 g for 10 minutes (Allegra x-22R, 
centrifuge, Beckman Coulter, California,  USA). The supernatant was poured off and the cells 
rinsed with sterile deionized water and sterile phosphate buffered saline (PBS) solution. The cells 
were then resuspended into PBS and the suspension was used as inoculum. Flasks containing 
media were inoculated with bacteria at 1% v/v and incubated on a shake platform set at 95 rpm 
and 37°C. The flasks were then removed from the incubator at the set time of 24 or 48 hours. 
The pH of the fermentation broth was measured with a pH meter and 10ml of the broth was 
sampled. Sampled broth was heated in boiling water for 5 minutes and stored at 4°C for further 
analyses. 
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Case 2: With pH control 
The experiment was set-up as a two factor factorial. The factors were the bacteria (adapted and 
unadapted) and condition of flask (with or without 2g of calcium carbonate as buffer). A liter of 
the media was prepared as mentioned in case 1, however the pH of the media was adjusted to 6.5 
and then distributed into eight 250ml flasks as before. Treatment of flasks and inoculation were 
conducted as mentioned in case1. Samples were drawn from the flasks at 24 and 48 hours. The 
pH of the samples was taken and heated in boiling water for 5 minutes and stored at 4°C for 
further analyses. 
 
Total carbohydrate and lactic acid analyses 
Total carbohydrate in the samples was analyzed by the phenol-sulfuric method (Dubois et al., 
1956). Procedure for determination was as previously described under objective 1. Lactic acid 
analyses were also performed as previously described under objective 1. 
Statistical analysis 
Results from the experiment without pH control were analyzed by ANOVA using SAS software 
version 9.4 (SAS Institute, USA) and Tukey’s honest significant difference (HSD) was used to 
detect any significant differences at 5% significance level. Results from the experiment with pH 
control were analyzed as a repeated measure using the same software and the differences in 
average means determined using Tukey’s HSD test. 
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Chapter 4: Results and Discussion 
Objective 1: To adapt L. amylovorus in progressively increasing sweet potato starch to glucose 
ratios in modified MRS (DeMan, Rogosa, Sharpe) medium and assess growth, substrate 
consumption, and product concentration. 
 
The prepared sweet potato starch was whitish in color and had a moisture content of 10.4% ± 0.3 
SE (Standard Error). The purity was 91.6% ± 1.5 SE which is in agreement with what has been 
reported by Collado and Corke (1997) for sweet potato starch produced in the laboratory. 
Growth pattern 
Optical density measurements of L. amylovorus grown in MRS media plotted against time, 
showed a distinctive classic bacterial growth pattern, which consisted of a lag phase, exponential 
growth phase, stationary phase and the die-off phase. The exponential growth was observed from 
9 to 22 hours followed by growth leveling off until the end of the fermentation experiment for 
both with and without pH control (Figure 4.1). Growth of L. amylovorus in media containing 15 
g of glucose and 5 g of sweet potato starch also exhibited a similar growth curve albeit with a 
longer lag phase and lower optical density values. In the 15 g glucose and 5 g starch media, as 
optical density values increased, there was a simultaneous decline in pH from 6.5 to 3.9 as 
shown in Figure 4.2, indicating an association between growth and pH values. This was expected 
as with growth of LAB, lactic acid production lowers the pH of the fermentation broth. Although 
L. amylovorus are tagged as ‘amylolytic’ because of their ability to utilize starch, these bacteria 
are also known utilize other carbohydrate substrates, including glucose (Nakamura 1981), and 
actually show significant lactic acid production from glucose (Trontel 2010). In contrast to the 
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growth curve obtained with glucose, the growth curves for L. amylovorus grown in starch 
concentrations greater than 25% did not exhibit typical growth patterns. The exponential phase 
was barely noticeable and there was a decrease in optical density values. While this might have 
indicated the absence of growth, pH values proved otherwise. As shown in figure 4.2, pH values 
declined from 12 hours and levelled off at pH 4, similar to the pattern exhibited in MRS media. 
This suggests that despite the increasing concentration of starch in subsequent media, lactic acid 
production was similar to production in glucose alone (MRS media). Therefore, the trend of 
decreasing OD values could be attributed to the hydrolysis of the sweet potato starch, causing a 
decrease in turbidity of the media. 
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a) With pH control 
 
b) Without pH control 
 
Figure 4.1 Growth patterns of L. amylovorus indicated by the change of optical density of the 
fermentation broths measured at 600 nm. 
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Figure 4.2 Changes in pH of formulated media as a result of L. amylovorus growth over time. 
Graph represents the pH measured in flasks without pH control.  
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Glucose and total carbohydrates 
The utilization of starch and glucose by L. amylovorus was tracked by the reduction of total 
carbohydrates in the fermentation broth. Total carbohydrates in each media decreased over time 
in an exponential fashion from 12 hours to 32 hours and then leveled off until the end of the 
fermentation (Figure 4.3). This follows the pH trend and shows that lactic acid is being produced 
from the starch and glucose in the media. When comparing flasks with pH and without pH 
control, the total carbohydrate remaining in the fermentation broth at 62 hours was slightly more 
in the pH controlled flasks. On average, 95% of substrate was consumed in pH controlled flasks 
in contrast with only 70% in flasks without pH control. This data indicates that the bacteria best 
utilized the carbohydrates in the media when pH was controlled at 6.5, which is similar to others 
results reported on L. amylovorus fermentations. At pH of 5.5, Zhang and Cheryan (1991) noted 
that about 80% of raw corn starch and 90% of liquefied starch was used. Trontel et al. (2010), 
however, noted a complete depletion of soluble starch at pH 5.5 after 10 hours, while Cheng et 
al. (1991) reported an optimum pH range of 5-6 for maximum lactic acid production from 
enzyme-thinned corn starch. This data suggests that maintaining the pH is beneficial in 
increasing substrate utilization. The results also indicate that the type of substrate did not affect 
the capability of L. amylovorus at using both glucose and starch simultaneously. Pompeyo et al. 
(1993) noted that including up to 10% glucose in starch media did not adversely affect starch 
use. Other studies equally report that α-amylase responsible for starch hydrolysis is possibly 
induced by the presence of dextrins, maltose and starch (James and Lee 1995, Petrov et al. 2008). 
On the other hand, Thomsen et al. (2007) reported that amylolytic lactic acid bacteria present in 
their mixed substrate experiment did not utilize starch when sucrose, fructose, and glucose were 
present in the media.  
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a) With pH control 
  
 
b) Without pH control 
   
Figure 4.3 Glucose and starch remaining in media over time calculated as total carbohydrate 
content. 
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When tracking glucose consumption, particularly in the MRS media, it was observed that from 9 
hours onwards there was a rapid decline of glucose level, which was consistent with the decrease 
in pH and increase in the optical density (Figure 4.4). The decline in glucose concentration 
continued until about 52 hours. For the media containing 75% glucose, the glucose was almost 
depleted at 32 hours while for the 50% and 25% glucose media, glucose was used up by 22 hours 
for pH controlled flasks. Linking this data to the results obtained from total carbohydrate 
analyses, it can be inferred that declining concentrations of glucose did not adversely affect the 
activity of the bacteria; most likely both starch and glucose were simultaneously utilized. As 
observed with total carbohydrates, the flasks without pH control had more residual glucose than 
the flasks with pH control, supporting the assumption that pH control resulted in greater 
substrate utilization. 
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a) With pH control 
 
 
b) Without pH control 
 
 
Figure 4.4 Glucose remaining in the each formulated media over time. 
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Oligosaccharide formation in fermentation broth 
The most common parameters of tracking the activity of the amylolytic bacteria in starch 
fermentations has been the measurement of lactic acid, reducing sugars, bacterial growth and 
decreasing starch concentrations. Few studies have examined oligosaccharide formation resulting 
from starch hydrolyses. Although some of the lactic acid bacteria have extracellular amylase 
enzymes for starch hydrolysis, the presence of oligosaccharides has rarely been reported. 
(Nakamura 1981, Pompeyo et al.1993). James and Lee (1995), however, were able to determine 
the presence of glucoamylase within L. amylovorus ATCC 33621 when dextrin was used as 
carbon source for fermentation. The presence of an intracellular glucoamylase suggests that the 
dextrins cross cell membrane and are hydrolyzed by the enzymes into glucose, which is then 
metabolized to produce lactic acid. This intracellular glucoamylase may well be present in other 
amylolytic lactic acid bacteria including L. amylovorus used in this study. Due to the presence of 
extracellular α-amylase, it was expected that samples taken early in the fermentation cycle would 
display oligomers which would then give way to smaller fragments as fermentation proceeds. 
This trend was observed in this study when fermentation broth samples were analyzed (Figure 
4.5). Maltose, maltotriose and maltotetraose were the oligosaccharides which were detected in 
easily quantified concentration. There was an increase in maltose concentration from 22 to 52 
hours while maltotetraose was not present at 52 hours. Maltotriose concentration increased at 32 
hours but was not detected at 52 hours. Nakamura (1981) reported the presence of seven 
oligosaccharides, with maltose, maltotriose and maltotetraose being in high concentration at 7 
hours of fermentation. The other oligosaccharides detected by Nakamura (1981) were 
maltopentaose, maltohexaose, maltohepatose, maltooctaose and maltononaose. Most of these 
oligosaccharides were also noted by Cheng et al. (1991). In their study as well, maltose, 
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maltotriose and maltotetraose were the oligosaccharides in higher concentration. Maltose 
increased from 0 to 8 hours and decreased from 12 hours. Maltotriose and maltotetraose 
increased at 4 hours and then decreased. They also measured oligosaccharides with degree of 
polymerization (DP) greater 7. The concentration of these oligosaccharides just kept decreasing 
from the 0 hour, confirming the point that large oligomers are first formed which decrease in size 
as α-amylase continues to act. 
 
  
Figure 4.5 Changes in oligosaccharide concentration with time detected at 0,22,32 and 52 hours 
of 20 g sweet potato starch fermentation by L. amylovorus. 
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Lactic acid production 
In most cases, lactic acid production started to be detected at approximately 12 hours with an 
exponential increase up to 42 hours (Figure 4.6). As observed with total carbohydrates, there 
were larger concentrations of lactic acid in pH controlled flasks than in the flasks without pH 
control. Average concentrations at 62 hours of fermentation are shown in Table 4.1. Lactic acid 
production trends mimicked the pH trend (Figure 4.2), as well as the total carbohydrate profile. 
With the exception of the flasks without pH control, lactic acid as a function of time were similar 
in each media suggesting that the nature of substrate or the substrate concentration was not a 
limiting factor for lactic acid production. For 20 g glucose as used in MRS, there was a 
distinctive difference in percentage yield between the pH controlled flask and the flask without 
pH control 72% and 50% yields, respectively. However, the difference in yields for pH 
controlled and without pH control flasks, was less pronounced when 20g starch was used, where 
the yield was 65% and 60% respectively. [Yield was calculated as g lactic acid produced / (g 
starch×1.11) Nakamura 1981, Cheng et al. 1991]. This result could be due to increasing 
efficiency of the bacteria in utilizing the sweet potato starch for lactic acid production in the flask 
without pH control. Theoretically, in homofermentation by lactic acid bacteria, 1 mol of glucose 
yields 2 mol of lactate. This translates to 1 g of glucose should yield 1 g of lactic acid. In reality, 
yields of about 90% or more of the theoretical value are generally reported (Litchfield 1996, 
Salminen et al.2004, Van Marris et al.2004). In MRS media (20 g glucose), an average of 14.44 
g LA was produced, representing approximately 72% yield (g LA/g substrate). This is a little 
lower than has been reported by others. L. amylovorus DSM 20531 (NRRL B4540) produced 
18.56 g of lactic acid from 20.8 g of glucose, representing 89% yield approximately (Trontel, 
2010).  
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While using starch, Cheng et al. (1991) had a 94% yield with enzyme-thinned starch while 
Xiaodong et al. (1997) reported a 70% yield from cassava starch using L. amylovorus. However, 
this was after the medium was supplemented with yeast extract. Unlike raw starch, enzyme-
thinned starch has most of the starch molecules hydrolyzed into dextrins and low molecular 
weight fragments, the 61% yield achieved in this study is reasonable. It is interesting to note that 
the yield reported in this study does not account for the entire percentage of substrate that was 
consumed. Nakamura (1981) also noted that 85% of soluble starch was consumed at 15 hours of 
fermentation but only approximately 65% of that quantity was converted into lactic acid. This 
could be attributed to the fact that since L. amylovorus is a facultative anaerobe, a portion of the 
nutrients were diverted towards aerobic respiration until the oxygen present in the flask was 
depleted prior to anaerobic fermentation. Other factors such as cell requirements to produce 
biomass could also be responsible for the difference noted. 
 
Table 4.1 Lactic acid concentrations produced at 62 hours of fermentation by L. amylovorus in 
different formulated media. 
 Lactic acid (g/L) 
Media pH control No pH control 
MRS 14.44 (0.05) 9.28 (0.10) 
15g glucose:5g starch 14.92 (0.20) 8.33 (0.06) 
10g glucose:10g starch 14.43 (0.05) 9.34 (0.01) 
5g glucose:15g starch 13.02 (0.20) 9.18 (0.07) 
0g glucose:20g starch 13.46 (0.20) 13.00 (0.10) 
*Values in parenthesis are standard deviations from two fermentation runs. 
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Table 4.2 pH results of L. amylovorus batch fermentation as affected by either adapted or 
unadapted bacteria 
Bacteria Mean pH* 
Adapted L. amylovorus 4.92a 
Unadapted L. amylovorus 5.45b 
*Means followed by the same letter are not significantly different using Tukey’s HSD at α=0.05. 
 
 
Table 4.3 pH results of L. amylovorus batch fermentation as affected by fermentation duration 
Fermentation duration Mean pH* 
24 hours  6.11a 
48 hours  4.26b 
*Means followed by the same letter are not significantly different using Tukey’s HSD at α=0.05. 
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a) With pH control 
 
 
b) Without pH control 
 
Figure 4.6 Lactic acid produced during the fermentation of each formulated media by L. 
amylovorus over time. 
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Objective 2: To compare lactic acid production of adapted versus un-adapted L. amylovorus 
using sweet potato starch as the substrate. 
 
Case 1: Without pH control 
The initial pH of the media was 7.16. At the end of the 24 hour run, the pH for the adapted 
bacteria was 5.87 ± 0.07 (Mean ± SE), and that of the unadapted bacteria was 6.36 ± 0.03 (Mean 
± SE), and at the end of 48 hours pH was 3.97 and 4.56 ± 0.01 (Mean ± SE) for adapted and 
unadapted bacteria respectively. At a level of significance of 0.05, there was no significant 
interaction between the two factors, type of bacteria and duration, to affect mean pH values. 
Individually however, the factors had significant effects on mean pH values. This suggests that 
changes in pH were due to how the adapted and unadapted bacteria hydrolyzed and fermented 
the sweet potato starch at 24 or 48 hours.  
Total carbohydrate analyses were conducted to determine the residual starch left in the 
fermentation broth after the fermentation duration. Analysis of the results (Table 4.4) by 
ANOVA indicates that there was no interaction between duration and lactic acid bacteria on the 
consumption of starch. Furthermore, only the individual factors, duration and the type of 
bacteria, had significant effect on the amount of residual starch. This translates to the fact that the 
amount of starch that was consumed by the adapted bacteria was significantly different from 
what was consumed by the unadapted bacteria at either 24 or 48 hours. The ability of the adapted 
bacteria to both hydrolyze and ferment the sweet potato starch better than the unadapted bacteria 
was an expected outcome since it had prior exposure to different concentrations of starch and 
glucose. 
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Table 4.4 Residual total carbohydrate after 24 and 48 hours  
 Residual total carbohydrate (mg/ml) (mean ± SE) 
 Adapted L. amylovorus Unadapted L. amylovorus 
24 hours 15.91±2.05 18.57±1.17 
48 hours 7.65 ±0.44 14.93±1.48 
Data presented are the means of two replicate flasks. 
 
Statistical analysis of lactic acid produced indicated a significant interaction between duration 
and bacteria effect on lactic acid concentration. In conformity with pH and residual total 
carbohydrate results, a longer duration led to an increased concentration of lactic acid (Table 
4.5). It also showed that at 24 hours of fermentation there was no difference between lactic acid 
concentration by the adapted bacteria and the unadapted bacteria but after 48 hours there was a 
significant difference in the concentration of lactic acid for the adapted and the unadapted 
bacteria. This could be attributed to the manner in which these bacteria utilized starch in the 
conversion to lactic acid. The rate of substrate utilization and lactic acid production is a kinetic 
process and many models have been proposed and used to describe the process (Gonçalves et al., 
1991). As a process with time as a factor, it is probable that at 24 hours, the rate at which both 
strains of L. amylovorus were converting starch was similar but as fermentation continued, the 
rate slowed for the unadapted bacteria so that by 48 hours, differences were clearly visible. This 
could be a result of product/substrate inhibition in the form of increasing oligosaccharide from 
starch hydrolysis or increasing lactate concentrations. This problem of substrate inhibition has 
led to studies focusing on the advantages of continuous and fed-batch processes over batch 
fermentation for amylolytic bacteria in lactic acid production from starch (Shibata et al.2006, 
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Yen and Kang 2010). However, since the adapted bacteria had been exposed to similar 
conditions, its activity was not hindered. 
Table 4.5 Lactic acid concentrations in flasks after 24 and 48 hours of fermentation 
 Lactic acid concentration (g/L) 
 Adapted L. amylovorus Unadapted L. amylovorus 
24 hours 2.55 ± 0.15a 2.10 ± 0.01a 
48 hours 11.10 ± 0.20c 6.35 ± 0.24b 
Data presented are the means of two replicate flasks and ± the standard error. Means followed by 
the same letter are not significantly different following Tukey’s HSD test at α=0.05. 
 
Theoretically for homofermentation, 1mol of glucose should yield 2 mol of lactic acid (Litchfield 
1996). Thus in essence, there should be a 100% yield from starch. However, this theoretical 
value is hardly achieved. Some of the nutrient could be directed to cell growth. Based on the 
amount of consumed starch (initial minus the residual total carbohydrate) adapted bacteria gave a 
yield of 0.83 g LA/g substrate consumed. This yield compared to other reports on starch are 
summarized in table 4.6. 
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Table 4.6 Reported concentrations of lactic acid from other studies 
Bacteria Starch 
Yield 
(g LA/ g starch) 
Reference 
L. amylovorus Soluble starch 0.63 Nakamura, 1981 
L. amylovorus Soluble starch 0.73 Oda et al. 2000 
L. amylovorus Enzyme thinned corn starch 0.91 Cheng et al. 1991  
L. amylovorus Cassava starch 0.70 Xiaodong et al.1997 
L. amylovorus Potato starch 0.42 Xiaodong et al.1997 
L. amylovorus Liquefied Corn starch 1.00 Zhang and Cheryan,1991 
 
 
Case 2. With pH control 
For this experiment, the addition of CaCO3 as a neutralizing agent was expected to keep the pH 
of the fermentation broth close to the initial pH of 6.58 by forming calcium lactate. As shown in 
Table 4.7, for the adapted bacteria, the pH did decrease but remained stable from 24 to 48 hours. 
The unadapted bacteria did not show much of a decrease in pH possibly because large quantities 
of lactic acid were not produced. 
Table 4.7 pH of sampled broths after 24 and 48 hours of fermentation 
 pH 
 Adapted bacteria Unadapted bacteria 
 
Media 
condition 
 24 h 48 h 24 h 48 h 
With CaCO3 5.74 5.37 6.18 6.28 
Without CaCO3 4.51 3.93 4.39 4.33 
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The consumption of starch in the medium by both bacteria was significantly affected by the 
interaction of time, bacteria, and the presence or absence of calcium carbonate. The adapted 
bacteria with CaCO3 at 48 hours had significantly less amount of residual total carbohydrates. 
This implied that the adapted bacteria consumed more of the starch in 48 hours than the 
unadapted bacteria when the media was buffered and more than the adapted bacteria in the flask 
without CaCO3. With the adapted bacteria without CaCO3, there was a significant difference in 
residual total carbohydrate from 24 to 48 hours. This was expected since the adapted bacteria had 
previously been exposed to the sweet potato starch in the medium. In addition, the presence of a 
neutralizing agent in fermentation media has generally been known to increase substrate 
utilization and productivity. Pompeyo et al. (1993), comparing the amylases produced by L. 
amylovorus and L. amylophilus noted that enzyme activity of the amylase produced by L. 
amylovorus was greatly increased in the presence of CaCO3 and that its optimum activity was 
between pH 5.0 and 6.0. This could explain why the amount of residual total carbohydrate 
decreased significantly between 24 and 48 hours since the pH remained between 5 and 6 for the 
flasks with CaCO3 (Table 4.8). In addition, Chatterjee et al. (1997), witnessed an increase in 
potato mash and soluble starch consumption by Lactobacillus cellobiosus in the presence of 
CaCO3. Yen et al. (2010) studied the effect of several neutralizing agents on lactic acid 
production using Rhizopus oryzae and realized that using CaCO3 resulted in the highest 
concentration of lactic acid and the highest productivity. The difference in residual total 
carbohydrate shown by the adapted bacteria at 24 and 48 hours was not noticed in the unadapted 
bacteria in the presence or absence of CaCO3 (Table 4.8). Therefore, though values seem to 
suggest that the unadapted bacteria did continue to utilize starch after 24 hours, it was a slow 
process so that at 48 hours, the residual amount was not significantly different from that at 24 
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hours. It was interesting to note that the presence of CaCO3 did not cause the unadapted bacteria 
to utilize starch better as in the case of the adapted bacteria. However, following the study by 
Pompeyo et al. (1993), it would seem that the explanation for this occurrence was that the pH for 
either flasks was not conducive for efficient enzyme activity. 
 
Table 4.8 Residual total carbohydrates after 24 and 48 hours of fermentation 
 Total carbohydrate (mg/ml) 
    Adapted L. amylovorus Unadapted L. amylovorus 
 
Media 
condition 
 24 h 48 h 24 h 48 h 
With CaCO3 12.56
bc 0.79a 15.84c 12.84bc 
Without CaCO3 11.94
c 8.48b 12.12bc 11.27bc 
Data presented are the means of two replicates. Means followed by the same letter are not 
significantly different following Tukey’s HSD test at α=0.05. 
 
From the adaptation studies, it was realized that maintaining the pH at 6.5 showed a greater 
percentage utilization of substrate and subsequent lactic acid production. Therefore, the 
expectation for this objective was that flasks with CaCO3 would result in greater amounts of 
lactic acid and lesser amounts of total carbohydrate. The addition of the CaCO3 did ensure that 
the pH of the flasks did not decrease as they did in the flasks without the CaCO3 (Table 4.7) and 
there was a significant difference in residual total carbohydrates for the adapted bacteria 
especially after 48 hours (Table 4.8). In agreement with these observations, the largest amount of 
lactic acid was produced in the flask with the adapted bacteria and CaCO3 (Table 4.9). Also in 
the flasks without CaCO3, a longer duration of fermentation did result in increased amounts of 
lactic acid produced by the adapted bacteria. Thus, with or without CaCO3, there was a 
significant difference in lactic acid produced at 24 and 48 hours but more lactic acid was 
produced in 48 hours with CaCO3. Similar to what was observed for the residual total 
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carbohydrate, the addition of the neutralizing agent did not seem to increase the lactic acid 
production for the unadapted bacteria. It is likely that the pH was not suitable for its growth or 
that the activity of the unadapted bacteria was easily inhibited by hydrolyses products including 
oligosaccharides. The adapted bacteria gave a yield of 0.7g LA/g which was a bit lower than the 
0.9 g LA/g starch in the flask without CaCO3 or the 0.8 g LA/g starch observed in the first part of 
the objective without pH control. It is possible that some of the starch that was consumed by the 
adapted bacteria in flasks was diverted to other areas of cell growth, or a portion of the lactic 
acid was present as a form of calcium lactate which was not detected by the HPLC method 
employed. The ability of the adapted bacteria to give high yields even without pH control could 
be useful in commercial production where there is currently the need to operate fermentations at 
low pH in order to use less neutralizing agent. This would in turn reduce the amount of waste 
gypsum that is produced (Vink et al.2010). 
Table 4.9 Lactic acid concentration after 24 and 48 hours of fermentation 
  Lactic acid concentration (g/L) 
     Adapted bacteria   Unadapted bacteria 
 
Media 
condition 
 24 h 48 h 24 h 48 h 
With CaCO3 5.50
b 14.80c 3.60a 4.20a 
Without CaCO3 6.15
b 11.20d 6.65b 7.10b 
Data presented are the means of two replicates. Means followed by the same letter are not 
significantly different using Tukey’s HSD at α=0.05.   
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Conclusion and Future Studies 
Lactobacillus amylovorus was capable of hydrolyzing sweet potato starch which was evident by 
the reducing amounts of total carbohydrate in the fermentation media and the resulting 
production of lactic acid. The presence of glucose in the mixed glucose and starch media did not 
seem to affect starch hydrolysis. Both glucose and starch were simultaneously utilized for lactic 
acid production. The adaptation process employed did increase the efficiency of Lactobacillus 
amylovorus’ ability to utilize the sweet potato starch to produce lactic acid. From the results, an 
average of 0.8 g of lactic acid per gram of substrate was achieved in 48 hours when the pH was 
controlled. In future research, it would be important to ascertain the optimum pH or a 
combination of pH and temperature that could increase the yield even further. Furthermore, since 
this research was conducted in flasks with a combination of nutrients added to the fermentation 
media, research could be extended to study the effects of minimal nutrient addition. This would 
provide an avenue to utilizing less expensive nitrogen sources and lead to a cost-effective lactic 
acid production process. This research also suggests that amylolytic lactic acid bacteria could be 
adapted to food wastes so lactic acid could be produced with little or no nutrient 
supplementation. 
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